A Ni-Mg-Al-Ca catalyst was prepared by a co-precipitation method for hydrogen production from polymeric materials. The prepared catalyst was designed for both the steam cracking of hydrocarbons and for the in situ absorption of CO 2 via enhancement of the water-gas shift reaction. The influence of Ca content in the catalyst and catalyst calcination temperature in relation to the pyrolysis-gasification of a wood sawdust /polypropylene mixture was investigated.
Introduction
The continuous and increasing demand for fossil fuels [1] is primarily as a result of the growing wealth and increasing population in developing countries. However, concerns in relation to environmental issues such as energy supply shortage, resource depletion, and global warming, make it necessary to consider the development of renewable energy instead of fossil fuels.
Hydrogen is one of the key clean energy carriers, which can be used for hydrogen engine and hydrogen-fuel cells since it only generates water on combustion. In addition, hydrogen is necessary for the petroleum industry as petrochemical feedstock and for steel plants as a reduction agent. Currently, the large majority of hydrogen is produced from fossil fuel sources.
Hydrogen production from renewable resources such as biomass is an attractive potential technology option since it is large available resource and is carbon neutral [2] . Waste plastics are also a potential hydrogen feedstock since plastics are generated in large quantities [3] , and are mainly produced from fossil fuels. Hydrogen production from the co-processing of biomass and plastics is therefore an interesting topic of research.
Thermal processing has been applied to produce hydrogen from biomass [4] [5] [6] and waste plastics [7] [8] [9] [10] . However, the yield of hydrogen from biomass is typically low, therefore, addition of plastics which have a high hydrogen content into the biomass feedstock would enhance the amount of hydrogen in the gaseous product stream. Co-pyrolysis for hydrogen production was reported with various biomass-plastic combinations, such as wood-polypropylene [11] , pine cone-polypropylene, pine cone-polyethylene, and pine cone-polystyrene [12] , and pubescens-low density polyethylene [13] . These investigations were carried out using various reactors such as a fixed-bed reactor, fluidized-bed reactor, spouted-bed reactor, screw kiln reactor, and molten carbonate reactor, however, which are often combined with catalysts in order to improve the hydrogen production.
Many types of catalysts such as alkali and alkali earth metal compounds [14] [15] [16] , Fe [17] , Rh [18] , and Ru [19] supported catalysts have been investigated for biomass and plastic gasification. However, nickel based catalysts have been commonly used with steam as the hydrogen production catalyst. Czernik and French [20] investigated the gasification of polypropylene using C11-NK (commercial nickel catalyst), recovering 80% hydrogen of the theoretical potential of polypropylene. Liu et al. [13] and Ruoppolo et al. [21] carried out the cogasification of biomass/plastic mixtures using Ni loaded -Al 2 O 3 and, Ni and Pd loaded Al-MCM-41(mesoporous aluminosilicates), respectively, which also promoted hydrogen production.
Our previous work has investigated separately hydrogen production from biomass and plastics using various types of Ni catalysts. Wu et al. [22] investigated polypropylene gasification using Ni-Al and Ni-Mg-Al catalysts synthesized by a co-precipitation method [23] , which showed that the introduction of Mg into the Ni-Al catalyst significantly decreased the coke formation on the catalyst surface without hydrogen yield loss. The Ni-Mg-Al catalyst was also applied to the gasification of biomass components such as cellulose, xylan, and lignin, resulting in the highest gas yield of 73.0 wt% from cellulose at 800 ºC [24] . Furthermore, a Ni-Mg-Al-CaO catalyst synthesized by the calcination of a mixture of Ni-Mg-Al catalyst and calcium oxide (CaO) was used as a catalyst for gasification and in situ CO 2 absorption [25, 26] . As is well known, the water-gas shift reaction is an equilibrium reaction as;
CaO is a common CO 2 absorbent, which can be used repeatedly by the cycle of carbonation/decarbonation [27, 28] . That reaction is described as
The stability of CO 2 absorption for the Ni-Mg-Al-CaO catalyst was improved in comparison to only CaO, and the H 2 /CO ratio in the gaseous products was increased with the CaO addition [25] .
Therefore, it was suggested that the water-gas shift reaction was enhanced by the CaO addition due to the in-situ CO 2 absorption. However, further studies for the Ni-Mg-Al-CaO catalyst system are needed to optimize the configuration of the catalyst in terms of hydrogen production and catalyst stability.
In this work, we further investigate Ni-Mg-Al-Ca catalysts with different Ca content and calcination temperature. The developed catalysts were characterized for physical and chemical properties, and tested for hydrogen production from the pyrolysis-gasification of a wood sawdust/polypropylene mixture.
Experimental

Materials
Wood sawdust, with a particle size of less than 0.2 mm, was used in the experiments as a representative biomass sample. Carbon, hydrogen, nitrogen, and sulfur content of the samples was determined using a Carlo Erba Flash EA 1112 elemental analyser, while the oxygen content was determined by difference ( decarbonate CaCO 3 into CaO [26] . When constant temperature conditions were achieved in the catalyst gasification reactor, the pyrolysis reactor was heated up at 40 °C min -1 from ambient temperature to 600 °C and held at that temperature for 30 minutes, in addition, water was fed into the gasification reactor via a syring pump at the feeding rate of 0.05 g min -1 to generate steam.
The produced pyrolysis gases were carried by the N 2 flow into the gasification reactor, where reaction with steam in the presence of the catalyst occurred. Oil and unreacted water were collected in the condensation system consisting of glass condensers cooled by air and dry ice.
Non-condensed gases were collected in a Tedlar™ gas sample bag, which were analysed by gas chromatography (GC). The amounts of injected water, condensed liquid, and char were calculated by weighing the syringe, the condensers, and the sample holder before and after the experiments. Experiments were repeated to ensure the reliability of the results.
Gaseous products collected in the Tedlar™ gas sample bag were analyzed using GC (Varian 3380GC) equipped with a thermal conductivity detector (GC-TCD) and a flame ionization detector (GC-FID). H 2 , CO, O 2 , and N 2 were analyzed using a GC-TCD (Packedcolumn:molecular sieve (60~80 mesh size)). CO 2 was quantified using a GC-TCD (Packedcolumn:Hysep packing material (80~100 mesh size)). Hydrocarbons (C1-C4) were analyzed by a GC-FID (Packed-column:Hysep packing material (80~100 mesh size)).
Characterisation of Reacted Catalysts
The reacted catalysts from the pyrolysis-gasification experiments, were analysed by temperature-programmed oxidation (TPO) using a Stanton-Redcroft analyser. About 20 mg of each sample was weighed and placed in a crucible; once the equipment was equilibrated the sample was heated up to 800 ºC under air atmosphere with 15 ºC min -1 as heating rate and 10 min of dwell time. Furthermore, reacted catalysts were investigated by thermogravimetric analyser (TGA) interfaced with a Nicolet Magna IR-560 (FTIR) under air atmosphere.
A SEM LEO 1530 high-resolution scanning electron microscope was used to characterise and examine the surface morphology of the fresh and reacted catalysts. The catalysts were also examined by transmission electron microscopy (TEM) using a Phillips CM200 equipped with energy dispersive X-ray spectroscopy (EDX). The micrographs at different magnifications were obtained. Elemental mapping was also obtained for selected elements.
Results and Discussion
Influence of the Ca content and Calcination Temperature on the Gas Yields
The decomposition products from the pyrolysis-gasification experiments were classified into three groups: (1) gases, which did not condense in the cooling traps; (2) liquids, which were condensable in the condensers including water and hydrocarbon compounds; and (3) char, which remaind in the sample holder. The obtained mass balances are summarized in Table 3 . Product yields were standardized on the basis of the total weight of sample and injected water, or only sample weight. Due to the reaction with steam, the mass balance was able to surpass 100 wt%.
In the absence of catalyst, gas and char yield, based on the sample weight, were 52.9 wt% and 17.2 wt%, respectively. Our previous work showed 40.7 wt% of gas and 33.5 w% of char from wood biomass gasification in the absence of catalyst [26] , therefore the conversion rate and gas yield were improved by polypropylene addition. It might be due to the decrease of biomass components (cellulose, hemicellulose, and lignin) which are a cause for higher char production in the feedstock [5] . In contrast, gas yield was drastically increased in the presence of the 750-Ca0, catalyst resulting in 96.9 wt% yield. At the same time, liquid yield was decreased with the increase of gas production since steam was consumed for gasification. The gas yield was decreased with the increase of Ca content since the gasification reaction (3) catalyzed by Ni was decreased due to the decrease of Ni content in the catalyst. The apparent influence of calcination temperature on the gas yield was not observed.
3.2 Influence of the Ca Content and Calcination Temperature on the Gas Composition
The hydrogen yields in relation to sample weight and nickel weight are shown in Figure 2 .
Hydrogen yield in relation to sample weight was drastically increased from 5.6 mmol H 2 g -1 sample in the absence of catalyst to 31.5 mmol H 2 g -1 sample in the presence of the 750-Ca0 catalyst since the reaction (3) was accelerated in the presence of Ni. However, the hydrogen yield was decreased with the increase of Ca content, resulting in 24.9 mmol H 2 g -1 sample in the presence of the 750-Ca4 catalyst, which was due to the decrease of Ni content which also resulted in a decrease of gas yield. In contrast, the hydrogen yield in relation to nickel weight was increased with the increase of Ca content in the catalyst, which suggets that production efficiency of hydrogen per mass of nickel was improved. Therefore, it further suggests that CaO in the catalyst was effective as an in situ CO 2 absorbent, enhancing the water-gas shift reaction (reaction (1)).
The influence of calcination temperature on the hydrogen yield was investigated in the presence of 750-Ca4 and 500-Ca4 catalysts (Figures 2 and 3) , resulting in the highest hydrogen yield of 39.6 mol H 2 g -1 Ni using the 500-Ca4 catalyst. It has been reported that the higher calcination temperature markedly accelerated the sintering of CaO [29] , which decreased the CO 2 capture capacity [30] . Therefore, it was expected that the CO 2 capture capacity of the 500-Ca4 catalyst would be the highest in our prepared catalysts, enhancing the in situ CO 2 absorption. In addition, interaction between Ni and the catalyst support might be lower for the lower temperature calcination catalyst due to the lower sintering of the catalyst support, resulting in the highest hydrogen yield in the presence of the 500-Ca4 catalyst. Our previous work reported the influence of mixing CaO into a Ni-Mg-Al catalyst upon the gasification of wood biomass, which resulted in a maximum hydrogen yield in the presence of 20 wt% CaO content [26] . In the present work, the maximum hydrogen yield was obtained in the presence of the 500-Ca4 catalyst, which is characterized by a CaO content of 57 wt%. Further reduction of Ni content in the catalyst was achieved by introducing CaO into Ni-Mg-Al catalyst.
The gas composition and H 2 /CO ratio are summarized in Figure 3 . Hydrocarbons were produced from pyrolysis of the wood sawdust/polypropylene mixture, especially for polypropylene which preferentially produces more hydrocarbons [31] . However, hydrocarbons were markeldy decreased in the presence of the catalysts since the Ni accelerated the production of CO and H 2 from the pyrolysis volatiles (reaction 3). The gas composition was not affected by the difference of catalyst preparation conditions. Notably, CO 2 composition was not significantly changed because almost all CO 2 was released at the temperature of the experiments. The H 2 /CO ratio was significantly increased in the presence of catalyst, which was slightly increased with the increase of Ca content in the catalyst. This behavior corresponded to our previous work using NiMg-Al-CaO catalyst with biomass as feedstock [26] .
The proposed reaction scheme for the gasification of the wood sawdust/polypropylene mixture using Ni-Mg-Al-Ca catalyst is summarized in Figure 4 . Firstly, pyrolysis products of wood sawdust/polypropylene mixture are carried into the gasification reactor, where reaction with steam in the presence of the Ni-Mg-Al-Ca catalysts occurrs. The NiO catalyzes the gasification of the biomass/plastic pyrolysis products consuming water and producing H 2 , CO, CO 2 , and other hydrocarbons (reaction (3)). Increase of the total gas yield with the increase of Ni content in the catalyst was due to this reaction. In addition, the reforming capacity of CaO might be significant if the CaO content increases in the catalyst [32] . The produced CO and H 2 O derived from steam can be converted into H 2 and CO 2 by the water-gas shift reaction (reaction (1)), which was enhanced by the CO 2 absorption by CaO. The increase of the hydrogen yield in relation to Ni weight and H 2 /CO ratio with the increase of Ca content and decrease of calcination temperature was due to this reaction. Therefore, CaO might take part in both the steam reforming and the CO 2 capture simultaneously.
Characterization of Reacted Catalysts
TGA-TPO and TGA-FTIR Analyses of the Reacted Catalysts
The reacted catalysts after the pyrolysis-gasification of the wood sawdust/polypropylene mixture were analyzed by TGA-TPO, and the results are shown in Figure 5 . The weight loss observed at around 100 °C for all the catalysts was due to the release of moisture in the catalysts [26, 33] . The weight increase at ~300 °C corresponded to the oxidation of Ni which was produced from the reduction of NiO by the reduction agents such as H 2 and CO produced during the pyrolysis-gasification [24, 31, 34] . A lower Ni oxidation for the catalysts produced at the higher calcination temperature was observed, indicating the stronger interaction between Ni and the catalyst support. In contrast, the highest Ni oxidation was obtained with the 500-Ca4 catalyst, suggesting these results can be connected with the hydrogen production. The onset of the Ni oxidation temperature of the Ca containing catalysts was higher than that of the non-Ca catalyst (750-Ca0), which was similar to our previous results obtained with a Ni-Mg-Al and CaO catalyst mixture [26] . Weight loss for TPO temperatures over 550 °C suggested two possibilities; one for the oxidation of filamentous carbon deposited on the catalyst surface [35, 36] , and the another for the decarbonation of the CaCO 3 which was not decomposed during the gasification experiments.
An example TGA-FTIR spectrogram for the reacted 750-Ca4 catalyst is shown in Figure   6 . The doubly degenerate bond (650 cm -1 ) and asymmetric stretch (2650 cm -1 ) of CO 2 were clearly observed from 600 °C, which increased with the temperature increase. Mackee [37] showed that decarbonation of CaCO 3 can start at around 580 °C in an air atmosphere, therefore, CaCO 3 which did not decompose during the gasification process was decarbonated. Notably, spectrum of water (1300 to 2000 cm -1 and 3500 to 4000 cm -1 ) were observed at slightly higher temperature than CO 2 onset. Therefore, bulk Ca(OH) 2 covered by CaCO 3 might be dehydrated with the CaCO 3 decarbonation, which has not observed in our previous work using Ni-Mg-AlCaO catalyst [26] .
SEM Analysis of the Fresh and Reacted Catalysts
Morphologies of the fresh and reacted catalysts were investigated by SEM analysis, which are shown in Figure 7 . Material was deposited on the fresh 750-Ca0 catalyst surface (Figure 7 (a)), however, which could not be observed on the Ca containing fresh catalysts (Figure 7 (c) , (e), (g), and (h)). After the gasification, filamentous carbon was deposited on the 750-Ca0 catalyst surface ( Figure 7 (b) ). Wu et al. [24] reported that negligible amount of filamentous carbon was depositted on the Ni-Mg-Al surface during the pyrolysis-gasification of wood biomass [24] . On the other hand, filamentous carbon was observed when polypropylene was gasified using Ni-Mg-Al catalyst [31] , hence, the deposited filamentous carbon might be mainly derived from the polypropylene fraction in the feed material. Interestingly, filamentous carbon could not be found on the reacted Ca containing catalyst surface except for the 500-Ca2 catalyst (Figure 7 (d) , (f), (h), and (j)), suggesting that introduction of Ca into the Ni-Mg-Al catalyst made it possible to reduce coke deposition on the catalyst surface. It also indicates that higher Ca content or higher calcination temperature is required to prevent the deposit of filamentous carbon on the catalyst surface. Remiro et al. [38] reported that the filamentous carbon grows by the reaction between active carbon precursors adsorbed on the catalyst surface. Therefore, the activity of the catalyst surface might be reduced by Ca introduction, resulting in negligible coke deposition on the catalyst surface. The surface morphology of the 750-Ca4 catalyst was changed after the pyrolysis-gasification reaction, suggesting sintering of CaO might be rapidly progressed at higher Ca content and higher calcination temperature.
TEM-EDX Analysis of the Reacted Catalysts
In order to investigate the nano-scale morphology of the reacted catalysts, the reacted 750-Ca2 and 500-Ca4 catalysts were analyzed by TEM (Figure 8 ). Dark-colored particles and can be observed in the images. The particle densities of the two reacted catalysts were different, it was expected that higher calcination temperature increased sintering of the catalyst. In addition, particles (NiO particles) observed in the 500-Ca4 catalyst were smaller (about 20-30 nm) and well dispersed compared with the 750-Ca2 catalyst. It was considered that lower Ni concentration and lower calcination temperature might prevent the sintering of NiO particles during the gasification process.
The TEM image, elemental mapping, and EDX spectra of the reacted 750-Ca2 catalyst are shown in Figure 9 . Elemental mapping revealed that all metals were well dispersed in the catalyst after reaction, additionally, 20 to 30 nm sized NiO particles were clearly observed in TEM image and Ni mapping. Inaba et al. [39] . prepared various types of NiO supported zeolite for gasification of cellulose, which showed 10-20 nm particle size of NiO in the fresh catalysts.
However, the NiO particles were sintered after the gasification, resulting in a particle size of about 100 nm. Therefore, the catalysts produced in this work with introduction of Ca might prevent the aggregation of NiO particles during the catalytic gasification process. A temperature of 800 °C is suitable for preventing coke deposition on the catalyst surface. However, this temperature is rather high and might possibly cause catalyst deactivation by Ni sintering after repeated use in the gasification process [38] .
Conclusions
In this work, Ni-Mg-Al-Ca catalysts with different Ca content and calcination temperature were synthesized to enhance the in situ CO 2 absorption and increased hydrogen production from the pyrolysis-gasification of a mixture of wood sawdust and polypropylene.
By increasing the Ca content in the catalyst, hydrogen yield was improved to 33.2 mol H 2 g -1 Ni in the presence of the 750-Ca4 catalyst since the water-gas shift reaction was enhanced by in situ CO 2 absorption. In addition, lower calcination temperature was prefered for hydrogen production due to the presence of reactive CaO in the catalyst, resulting in the highest hydrogen yield of 39.6 mol H 2 g -1 Ni using the catalyst produced at a lower calicination temperature (500 °C (500-Ca4)).
TPO, TGA-FTIR, and SEM analyses of reacted catalysts revealed that Ca introduction in the Ni-Mg-Al catalyst prevented depositition of filamentous carbons on the catalyst surface.
TEM-EDX analysis indicated that athe metals were well dispersed in the catalyst after the pyrolysis-gasification experiments. In addition, NiO particles after gasification were about 20 to 30 nm in size, which suggested that Ca introduction prevents aggregation of NiO particles during the catalytic gasification process. 
